Two novel quinacridone (QNC) dyes with thiophene or benzene-conjugated bridge and cyanoacrylic acid acceptor were first designed and synthesized for use in dye-sensitized solar cells (DSSCs). The absorption spectra, electrochemical and photovoltaic properties of these dyes were investigated. Under simulated AM 1.5G irradiation conditions, the solar cell based on the quinacridone dye containing thiophene as a bridge unit had a short-circuit photocurrent density of 8.51 mA·cm
Introduction
Dye-Sensitized Solar Cells (DSSCs) have attracted considerable attention in the field of renewable energy because of their easy processing, low production cost and high photoelectric conversion efficiency.
1 The most typical dyes used in DSSCs are the ruthenium(II) polypyridyl complex series, which are known as N3 and N719. These Ru-complex dyes showed photoelectric conversion efficiencies over 11% 2 and good long-term stability. 3 However, Ru-complex dyes have the disadvantage of high production cost and difficulties in purification. Recently, a variety of organic dyes have been developed as alternatives to Ru-complex dye. 4 They have the advantages of low cost, ease of structural changes, ease of synthesis and high molar extinction coefficients.
In this study, we report the design and synthesis of new organic dyes containing linear trans-quinacridone chromophores (QNC).
5 These chromophores have been studied for photovoltaic and photoconductive substances 6,7 and have excellent durability as well as effective absorption in the 500-550 nm region. 8 These new quinacridone dyes were composed of N-butylated quinacridone as a donor, a thiophene or benzene as a conjugated bridge and cyanoacrylic acid as the acceptor and anchoring group. In designing dyes, two butyl groups were introduced at the N atom of quinacridone to improve its solubility. 7, 9 In addition, a thiophene or benzene was introduced as a bridge unit to facilitate the synthesis because direct formylation employing Vilsmeier reagent (POCl 3 ) is difficult due to the carbonyl group included in quinacridone. 10 
Experimental Section
Materials and Methods. Quinacridone, 1-bromobutane, hexadecyltriammonium bromide and 4-formylphenyl boronic acid purchased from TCI, benzyltrimethylammonium tribromide, 5-formyl-2-thiophene boronic acid, tetrakis(triphenylphosphine)palladium(0), cyanoacetic acid and piperidine from Sigma-Aldrich were used without further purification.
1
H NMR spectra were recorded by Bruker Avance 500 at 500 MHz using CDCl 3 and MeOD as the solvent and TMS as the internal standard. Mass spectra were measured with JEOL JMS-600W Agilent 6890 Series. UV-Visible absorption spectra were measured with an HP 8452A spectrophotometer and emission spectra were recorded on a QuantaMaster™ UV VIS spectrofluorometer. Cyclic voltammetry (CV) was performed with a three-electrode electrochemical cell on a Potentostat/Gavanostat Model 273A. Glassy-carbon, platinum wire, and Ag/Ag+ were employed as working, counter, and reference electrodes, respectively. Tetrabutylammonium tetrafluoroborate (TBATFB) was used as the supporting electrolyte and ferrocene was added as the internal reference for calibration.
Synthesis of Dyes. 5,12-Dibutylquinacridone (1): A suspension of quinacridone (1.56 g, 5 mmol), hexadecyltriammonium bromide (TBAB, 1.822 g, 5 mmol), toluene (160 mL) and 50% aqueous potassium hydroxide (50 g) was vigorously stirred and heated at 95 o C. When quinacridone had completely dissolved, 1-bromobutane (2.16 mL, 20 mmol) was added and the mixture was vigorously stirred for 24 hrs. And then the mixture was cooled to room temperature and poured slowly into ice water. The mixture was neutralized with 10% HCl solution and the crude product was extracted with methylene chloride. The organic layer was washed with water and brine, dried over anhydrous MgSO 4 . The solvent was removed by rotary evaporation and subsequently dried in a vacuum oven. The crude product was purified by column chromatography on silica gel using methylene chloride. 2-Bromo-5,12-dibutylquinacridone (2): 5,12-Dibutylquinacridone (1) (1.68 g, 3.5 mmol) was mixed with ethanol (80 mL) and benzyltrimethylammonium tribromide (BTA-TB, 1.77 g, 4.5 mmol). The resulting mixture was stirred at ambient temperature for 24 hrs, and then heated at 85 o C for 20 hrs to give limited reaction. Addition of chloroform (100 mL) dissolved all solids and continued reflux gave moderate generation of mono-and di-brominated products. After evaporation of solvent, the product was purified by column chromatography on silica gel using methylene chloride.
Yield: 51% (0.88 g). acridine-2-yl)thiophene-2-carbaldehyde (3a): 2-Bromo-5,12-dibutylquinacridone (2) (0.76 g, 1.5 mmol) was dissolved in a mixture (7:3) of dry toluene and ethanol (75 mL) and the solution was purged with argon gas for 10 min. Tetrakis(triphenylphosphine)palladium(0) (0.086 g, 0.075 mmol) was added followed by 5-formyl-2-thiophene boronic acid (0.26 g, 1.66 mmol) and a 2 M aqueous potassium carbonate solution (3 mL). The reaction mixture was heated at 110 o C for 12 hrs and then cooled to room temperature. The organic solvents were evaporated under vacuum, and the residue was extracted with methylene chloride and water, washed with water and brine, and dried over anhydrous MgSO 4 . The solvent was removed by rotary evaporation and subsequently dried in a vacuum oven. The crude product was purified by column chromatography on silica gel using methylene chloride.
Yield: 35% (0.28 g). 2-Cyano-3-(5-(5,12-dibutyl-7,14-dioxo-7,14-dihydro-12H-quino [2, 3-b] acridine-2-yl)thiophene-2-yl) Cyanoacrylic Acid (QNC-1): A mixture of the carbaldehyde (3) (0.27 g, 0.5 mmol), cyannoacetic acid (0.11 g 1.25 mmol) and piperidine (0.15 mL, 1.5 mmol) was dissolved in acetonitrile (150 mL) and gently heated at 92 o C for 8 hrs under nitrogen. After removal of solvent in vacuum, the crude product was purified by column chromatography on silica gel using chloroform/methanol (5:1, v/v).
Yield: 54% (0.162 g). Fabrication of Solar Cells and Photovoltaic Measurement: FTO glass plates (Pilkington, TEC-8, 8 Ω/square, 2.3 mm thick) were cleaned with ethanol by ultrasonication for 10 min, and then treated in a UV-O 3 system for 20 min. The FTO layer was first covered with 7.5% Ti(IV) bis(ethyl acetoacetato)-diisopropoxide solution by spin-coating method. For the transparent nanocrystalline layer, TiO 2 paste (230(M2331)-2T) was coated on the FTO glass plates by doctor blade printing, and then sintering was carried out at 500 o C for 30 min. TiO 2 paste (CCIC-1T) for the scattering layer was prepared using the same method. The resulting layer was composed of 9 μm thickness of transparent layer and 4 μm thickness of scattering layer. Active area of TiO 2 films was about 0.23 cm 2 . The TiO 2 electrodes were immersed into the dye solution (0.5 mM in chloroform-methanol (1:1) solution) and kept at room temperature for 40 hrs. Counter electrodes were prepared by droping a 0.7 mM H 2 PTCl 6 solution on a FTO glasses and heating at 400 o C for 20 min. The dye-absorbed TiO 2 electrode and the counter electrode were sealed using 25 μm-thick surlyn film (Dupont 1702). An electrolyte solution was introduced through a drilled hole on the counter electrode, where the electrolyte solution was consisted of 0.5 M 1-methyl-3-propylimidazolium iodide (PMII), 0.2 M LiI, 0.05 M I2, and 0.5 M 4-tert-butylpyridine (TBP) in ACN/VN (85:15). Photovoltaic measurements were performed using a Keithly model 2400 source measuring unit. A 1000W Xe lamp (Spectra-physics) served as a light source and its light intensity was adjusted using a NREL-calibrated silicon solar cell equipped with a KG-5 filter to approximate AM 1.5G of sun light intensity. IPCE was measured as a function of wavelength from 300-800 nm using a specially designed IPCE system for dyesensitized solar cells (PV Measurements, Inc.). A 75W Xe lamp was used as the light source for generation of a monochromatic beam. Calibrations were performed using a silicon photodiode, which was calibrated using NIST-calibrated photodiode G425 as a standard, and IPCE values were collected at a low chopping speed of 10 Hz.
Results and Discussion
Synthesis of Dyes. Molecular structures of the synthesized dyes are as shown in Figure 1 and their synthetic routes are illustrated in Scheme 1. Firstly, N-butylation of quinacridone 9 was carried out to improve its solubility in organic solvents such as dichloromethane, chloroform, toluene, ethyl acetate, etc. Secondly, the quinacridone was brominated at the 2-position with BTA-TB (benzyltrimethylammonium tribromide) for the synthesis of asymmetric quinacridone.
11 A mono-brominated quinacridone was coupled with 5-formyl-2-thiophene boronic acid or 4-formylphenyl boronic acid under Suzuki coupling conditions 12 and finally condensed with cyanoacrylic acid.
Optical Properties of QNC Dyes in Solution and TiO 2 Film. Figure 2(a) shows the UV-Visible absorption spectra of intermediate 1, QNC-1 and QNC-2, and their optical properties are collected in Table 1 . The spectrum of the intermediate 1 shows single absorption band corresponding to a localized aromatic π-π * transition at 530 nm. As shown in Figure 1 , QNC-1 and QNC-2 exhibit two prominent absorption bands at 414 nm/538 nm and 384 nm/536 nm, respectively. The absorption bands at the longer wavelength are due to the localized aromatic π-π * transition and redshifted from that of intermediate 1 only 6-8 nm when a bridge and an anchoring group were introduced. On the other hand, the strong absorption bands at the shorter wavelength red-shifted considerably, approximately 74 nm and 44 nm. Moreover, the molar extinction coefficients of the dyes at these wavelengths also increased dramatically compared to that of the localized aromatic π-π * transition. It is well known that the introduction of electron-withdrawing groups or an expansion of the conjugation length in dye structure generally produces intramolecular charge transfer (ICT) between the donor part of the molecule and the acceptor group with a strong red-shifted absorption band and increased intensity.
13 Therefore, the strong absorption band at the shorter wavelength can be assigned to the intramolecular charge transfer band. This assignment is also supported by solvatochromic behavior of the dyes. As shown in Figure  2 (b), the aromatic π-π * transition band at 538 nm are nearly solvent polarity independent, whereas the intramolecular charge transfer band at 414 nm exhibits negative solvatochromism, i.e., blue shift of λ max in more polar solvents. In general, the intramolecular charge transfer band of organic dye with D-π-A structure appears at longer wavelength than the localized π-π * transition band. But, in case of QNC dyes, the intramolecular charge transfer band appeared at shorter wavelength than the localized π-π * transition band. It is considered that only the benzene ring containing N-butyl group in quinacridone is included in conjugation with anchoring group, resulting in shorter conjugation path for intramolecular charge transfer with shorter absorption wavelength compared with the localized π-π * transition band. QNC-1 bearing thiophene as the conjugated bridge showed a larger and stronger red-shift in the intramolecular charge transfer band compared to QNC-2. This is considered due to the different resonance stabilization energy of bridge unit and coplanarity of dye molecule. It has been known that a thiophene has a lower energy of charge transfer transition 14 because of its smaller resonance stabilization energy (thiophene, 29 Kcal/mol; benzene, 36 Kcal/mol) compared with a benzene.
15 Also, the thiophene can provide more effective conjugation due to its better coplanarity with quinacridone donor. As shown in Figure 7 (a), the dihedral angles between quinacridone donor and bridge unit for QNC-1 and QNC-2 are 19.8° and 33.6°, respectively. This red-shift in the absorption spectrum could improve the amount of light harvested and enhance the photocurrent generation of DSSCs. Figure 3 shows the absorption spectra of QNC-1 and QNC-2 on TiO 2 films. As shown in Figure 3 , the absorption maxima of intramolecular charge transfer bands for QNC-1 and QNC-2 on the TiO 2 films were at 426 nm and 414 nm, which red-shifted by 12 nm and 30 nm compared with those in methanol, respectively.
16 The π-π * transition bands of the dyes weakly appeared around 500-550 nm.
Electrochemical Properties of QNC Dyes. The oxidation potential (E ox ) corresponding to the HOMO level of the dye The oxidation potentials (Eox) of the dyes were obtained by cyclic voltammetry in CH2Cl2 with 0.1M tetrabutylammonium tetrafluoroborate (TBATFB) with a scan rate of 100 mV·s 
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Bull. Korean Chem. Soc. 2011 , Vol. 32, No. 8 2557 was obtained from cyclic voltammetry (CV) and the LUMO level was calculated by E ox -E 0-0 . The E 0-0 is the zerothzeroth energy of the dye determined from the inflection point at the end of the visible absorption spectrum of the dye. 17 The cyclic voltammograms of the synthesized dyes are shown in Figure 4 and corresponding data are collected in Table 1 . The oxidation potentials of QNC-1 and QNC-2 were 1.14 eV and 1.21 eV, respectively, which are more positive than the redox potential of the electrolyte (0.4 eV vs NHE). The LUMO levels of QNC-1 and QNC-2 were −1.03 eV and −1.00 eV, respectively, which are more negative than the conduction band of TiO 2 (−0.5 eV vs NHE).
18 Therefore, the HOMO-LUMO levels of the synthesized dyes were suitable for DSSCs to be driven.
Photovoltaic Properties of DSSCs. DSSCs were fabricated using the synthesized dyes according to the methods described in the Experimental section. The photovoltaic performances of these DSSCs are listed in Table 2 , and the respective photocurrent density-voltage (J-V) curves are shown in Figure 5 . Under standard AM 1.5 G irradiation, the maximum efficiency (η) for the QNC-1-sensitized solar cell with an active area of 0.23 cm 2 was calculated to be 3.86%, with a short-circuit current (J sc ) of 8.51 mA·cm , an opencircuit voltage (V oc ) of 643.6 mV and a fill factor (ff) of 0.70. On the other hand, the DSSCs based on QNC-2 showed a relatively lower J sc , leading to a lower η value of 2.3%. This was attributed to the more red-shifted and broader absorption spectrum of QNC-1 bearing a thiophene as a conjugated bridge than that of QNC-2 bearing a benzene. Figure 6 shows the incident monochromatic photon-tocurrent conversion efficiencies (IPCE) of the DSSCs based on the QNC dyes. The range of the IPCE spectrum based on QNC-1 was up to 670 nm with the highest value of 61.74% at 430 nm. On the other hand, the range of the IPCE spectrum based on QNC-2 was up to 625 nm, and it exhibited a lower IPCE with a maximum of 58.33% at 430 nm. The rather low IPCE value for QNC-2 indicates a lower photocurrent and inferior photovoltaic performance.
The IPCE spectrum generally reflects the corresponding absorption spectrum of a dye on TiO 2 film and its onset usually expands approximately 200 nm compared to that of the absorption spectrum of the dye. 19 However, in the case of QNC dyes, the IPCE spectra didn't correspond with the absorption spectra of the dyes on TiO 2 films and did not fully red-shifted as expected. The absorption bands at shorter wavelength (426 nm and 414 nm) of the QNC dyes were reflected in the IPCE spectra, but those of the longer wavelength above 500 nm were not. If the absorption bands at a longer wavelength were used to generate the photocurrent, the onset of the IPCE spectrum should have been expanded up to 750 nm. This means that only absorption bands due to the intramolecular charge transfer, occurring between the N-butyl group at the quinacridone donor and cyanoacrylic acid acceptor, contributed to the monochromatic incident photon-to-current conversion efficiency. We postulate that the two carbonyl groups on quinacridone framework with intense electron-withdrawing property compete with cyanoacrylic acid anchoring group and prevent the transfer of localized electrons in the quinacridone moiety resulting no contribution of longer absorption wavelength to IPCE.
Computational Study. All calculations were done by the Gaussian 09 program. The molecular geometry and the electron distributions of the synthesized dyes for the HOMO and LUMO state were calculated with DFT on a B3LYP/6-31+G (d) level. The electron densities in the HOMO states were higher at N-butyl groups on quinacridone framework, but they effectively shifted toward the anchoring group in the LUMO states. It is considered that the electron transfer from N-butyl group on the quinacridone framework to the anchoring group easily occurred by introduction of cyanoacrylic acid group as a stronger acceptor and anchoring group. As a result, the quinacridone dyes have superior photovoltaic performances compared to those of anthraquinone 20 and perylene dyes, 21 although they have two carbonyl groups with the strong electron-withdrawing character on framework.
Conclusion
We have first designed and synthesized two novel quinacridone dyes with thiophene or benzene-conjugated bridge and cyanoacrylic acid acceptor and applied them to DSSCs. The intramolecular charge transfer bands of QNC dyes appeared at shorter wavelength than the localized π-π * transition bands due to shorter conjugation path (from Nbutyl to anchoring group) for intramolecular charge transfer. The photovoltaic measurements showed that two quinacridone dyes had rather low overall conversion efficiency, which was 3.86% and 2.3%, respectively. We found that such lower conversion efficiency is due to the two carbonyl groups on quinacridone framework with intense electronwithdrawing property, which compete with cyanoacrylic acid anchoring group and prevent the transfer of localized electrons in the quinacridone moiety resulting contribution of only shorter absorption wavelength to IPCE. Although quinacridone dyes have good durability and high molar extinction coefficients, further structural modification to move the residual electrons from the quinacridone moiety to the anchoring group is needed to improve their performance in DSSCs.
